Epstein-Barr virus (EBV) infects human B lymphocytes and epithelial cells. We have compared the requirements for EBV glycoprotein-induced cell fusion between Chinese hamster ovary effecter cells and human B lymphoblasts or epithelial cells by using a virus-free cell fusion assay. EBV-encoded gB, gH, gL, and gp42 glycoproteins were required for efficient B cell fusion, whereas EBV gB, gH, and gL glycoproteins were required for Chinese hamster ovary effecter cell fusion with epithelial cell lines (AGS and SCC68) or the human embryonic kidney cell line 293-P. Fusion with human embryonic kidney 293-P cells was greater than fusion observed with B cells, indicative of an important role for cell contact. An antibody directed against the gH and gL complex inhibited epithelial cell fusion. Increased surface expression of gB alone as a result of truncations or point mutants in the carboxyl-terminal tail allowed gB-mediated fusion with epithelial cells, albeit at a lower level than with coexpression of gB, gH, and gL. Overall, gB appears to be the critical component for EBV glycoprotein-mediated cell fusion. viral entry ͉ herpesvirus T he entry process of human herpesviruses entails a two-step process: binding followed by fusion. Specific herpesvirusencoded glycoproteins and cell-surface receptors are important for both events (1-3). Entry may occur by free virus infecting a cell or by cell-cell spread (2). In either case, fusion is a prerequisite for infection. Despite herpesvirus genomes encoding many viral glycoproteins, the glycoproteins implicated in entry and fusion are limited and conserved (1). Most herpesviruses require the conserved glycoproteins gH, gL, and gB, as well as an additional, family-specific viral glycoprotein, such as gD for ␣-herpesviruses or gp42 for the ␥-herpesvirus Epstein-Barr virus (EBV), for efficient entry and fusion (1). These nonconserved glycoproteins result in cell specificity by recognizing distinct cellular receptors. For example, EBV glycoprotein 42 binds to HLA class II on B cells, an interaction essential for the infection of B cells (4, 5). Additionally, EBV gp350͞220 binds to the B cell-surface receptor CD21͞CR2, and this binding mediates the initial interaction of EBV with B cells and is thought to tether the virus to promote the subsequent binding of gp42 to HLA class II (6, 7). The gp42-class II interaction is then proposed to trigger membrane fusion, a reaction mediated by gH (EBV gp85), gL (EBV gp25), and gB (EBV gp110) (8). The exact role each of these glycoproteins plays in fusion is unclear.
Epstein-Barr virus (EBV) infects human B lymphocytes and epithelial cells. We have compared the requirements for EBV glycoprotein-induced cell fusion between Chinese hamster ovary effecter cells and human B lymphoblasts or epithelial cells by using a virus-free cell fusion assay. EBV-encoded gB, gH, gL, and gp42 glycoproteins were required for efficient B cell fusion, whereas EBV gB, gH, and gL glycoproteins were required for Chinese hamster ovary effecter cell fusion with epithelial cell lines (AGS and SCC68) or the human embryonic kidney cell line 293-P. Fusion with human embryonic kidney 293-P cells was greater than fusion observed with B cells, indicative of an important role for cell contact. An antibody directed against the gH and gL complex inhibited epithelial cell fusion. Increased surface expression of gB alone as a result of truncations or point mutants in the carboxyl-terminal tail allowed gB-mediated fusion with epithelial cells, albeit at a lower level than with coexpression of gB, gH, and gL. Overall, gB appears to be the critical component for EBV glycoprotein-mediated cell fusion.
viral entry ͉ herpesvirus T he entry process of human herpesviruses entails a two-step process: binding followed by fusion. Specific herpesvirusencoded glycoproteins and cell-surface receptors are important for both events (1) (2) (3) . Entry may occur by free virus infecting a cell or by cell-cell spread (2) . In either case, fusion is a prerequisite for infection. Despite herpesvirus genomes encoding many viral glycoproteins, the glycoproteins implicated in entry and fusion are limited and conserved (1) . Most herpesviruses require the conserved glycoproteins gH, gL, and gB, as well as an additional, family-specific viral glycoprotein, such as gD for ␣-herpesviruses or gp42 for the ␥-herpesvirus Epstein-Barr virus (EBV), for efficient entry and fusion (1) . These nonconserved glycoproteins result in cell specificity by recognizing distinct cellular receptors. For example, EBV glycoprotein 42 binds to HLA class II on B cells, an interaction essential for the infection of B cells (4, 5) . Additionally, EBV gp350͞220 binds to the B cell-surface receptor CD21͞CR2, and this binding mediates the initial interaction of EBV with B cells and is thought to tether the virus to promote the subsequent binding of gp42 to HLA class II (6, 7) . The gp42-class II interaction is then proposed to trigger membrane fusion, a reaction mediated by gH (EBV gp85), gL (EBV gp25), and gB (EBV gp110) (8) . The exact role each of these glycoproteins plays in fusion is unclear.
EBV can enter cells by means of two routes, depending on the host cell type. In primary human lymphocytes, EBV is endocytosed before fusion, whereas, in B cells in culture, the virion envelope directly fuses with the plasma membrane (9, 10) . Similarly to B cells in culture, fusion of EBV with epithelial cells occurs by direct fusion of the virion envelope with the plasma membrane. Despite B lymphocytes being the primary site for latency, the tropism of EBV for epithelial cells is supported by the presence of EBV in nasopharyngeal carcinoma, gastric carcinoma, and oral hairy leukoplakia (11) . Several other observations point to an alternative mechanism of entry for EBV into epithelial cells. Because most epithelial cells do not express class II molecules or CD21͞CR2, the viral proteins gp42 and gp350 likely play little, if any, role in the entry of EBV into the epithelium. Furthermore, EBV infection of epithelial cells occurs more efficiently by cell-cell contact, suggesting that entry in these cells may require different glycoprotein-receptor combinations (12, 13) .
Recently, a model was described in which the glycoproteins present in the EBV envelope switch, depending on the cell type in which EBV replicates (14) . This model is compatible with earlier studies showing that the EBV virion envelope contains two different glycoprotein complexes: a tripartite complex of gp42, gH, and gL and a bipartite complex of gH and gL (ref. 15 and reviewed in ref. 16 ). In the most recent studies, a high level of gp42 was found in virions propagated in epithelial cells, resulting in virions that infect epithelial cells poorly. Virus produced by B cells express low levels of gp42 because of the sequestration of gp42 by HLA class II. Therefore, these viruses are deficient in B lymphocyte infection and, consequently, efficiently infect epithelial cells. Other results have indicated an important role for gH and gL in the infection of epithelial cells. Antibodies directed against the gH͞gL complex neutralize EBV infection of SVKCR2 and AGS cells (14, 15) . A soluble form of gL fused to the constant region fragment of IgG bound better to human embryonic kidney (HEK)-293, AGS, and NU-GC-3 cell lines when compared with the B cell lines, Raji and BJAB (17) . Recently, soluble gH͞gL was found to bind to both AGS and SVKCR2 cell lines, but not EBV-negative Akata cells, suggesting a specific receptor for gH͞gL (gHgLR) is present on epithelial cells (18) . Despite the conservation of gH and gL, the only binding partner of this complex identified thus far is the binding of human herpesvirus (HHV)-6 to CD46 (19) , but this does not appear to be functionally significant.
One of the first indications for an essential role of gB in fusion resulted from studies with herpes simplex virus (HSV)-1 performed in the 1970s with a temperature-sensitive mutant of gB that was able to attach to cells but failed to enter without the addition of polyethylene glycol at the nonpermissive temperature (20) . More recent studies of recombinant viruses with specific deletions in gB has shown that gB is essential for the production of infectious virus (21, 22) . Finally, gB coexpressed with other viral glycoproteins is required for cell-cell fusion in cell-based fusion assays for pseudorabies virus, HSV-1, HSV-2, HHV-8, and EBV (8, (23) (24) (25) (26) (27) .
gB is one of the most conserved proteins within the herpesvirus family and consists of a large amino-terminal ectodomain, several amphipathic helices just before the membrane spanning domain, and a C-terminal tail domain (28) . The gB C terminus is one of the longest of the herpesvirus-encoded glycoproteins and contains important cellular-sorting signals and regulates virally induced membrane fusion (28) . The role of the gB tail in regulating herpesvirus-induced membrane fusion is most apparent because many mutations that modulate fusion are located in the gB C terminus (23, 24, (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . For EBV, the C terminus also contains domains that are important for cell fusion and the cellular localization of gB (8, 21) . Four arginine residues in the C terminus (836-839) are required for the localization of gB primarily to the endoplasmic reticulum (ER)͞nuclear membrane (39) . Deletion or point mutations in the C terminus of gB cause gB to be expressed more abundantly on the plasma membrane of transfected cells (21, 39) .
There is no direct evidence for which herpesvirus-encoded proteins function as a fusogen. Evidence suggests that multiple herpesvirus glycoproteins participate in the fusion process. Both gH and gL from Varicella-Zoster virus and HHV-8 mediate cell fusion when tested in a cell-based fusion assay (27, 40) . A mutant gB of HHV-8 also has some fusion potential when expressed at a higher level on the cell surface, although it functions less well than gH and gL (27) . Varicella-Zoster virus gB alone does not mediate fusion, but polykaryocytes indicating fusion are observed by coexpression of gB and gE (41) . For other herpesviruses (HSV-1, HSV-2, or pseudorabies virus), cell-based fusion assays require the expression of multiple viral proteins (23) (24) (25) (26) .
To further delineate the requirements for EBV-induced cell fusion, we have used a cell-based fusion assay. This assay allows for the importance of individual glycoproteins in the effector cells to be assessed, as well as the fusion competence of various target cell lines to be tested. We demonstrate that gB, gH, and gL are sufficient for optimal fusion of epithelial cells. In addition, epithelial cell fusion was mediated with gB mutants with enhanced cell-surface expression independent of other viral proteins, which suggests that gB is the major fusogenic protein for EBV and indicates that the possible existence of a epithelial receptor-specific for EBV. Finally, the studies described offer a model system to further understand the interactions of gB with other EBV-encoded glycoproteins, EBV cellular receptors in fusion and viral entry, and, by extension, other members of the herpesvirus family in general.
Materials and Methods
Cells, Plasmids, and Antibodies. All cells were cultured in media containing 10% serum and penicillin͞streptomycin. Chinese hamster ovary (CHO)-K1, SCC68, and AGS cells were grown in Ham's F12 medium. Daudi cells were grown in RPMI medium 1640. Daudi cells were stably selected with G418 to express T7 RNA polymerase (42) . PEAK cells are a HEK-293 derivative selected for high transfection frequency and are designated HEK-293-P (Edge Biosystems, Gaithersburg, MD). HEK-293-P, Vero, and HeLa cells were passaged in DMEM. The plasmids used in this study were as published in ref. 8 . EGFP-N1 was purchased from Clontech.
Monoclonal antibodies E1D1 and F-2-1 were the gift from L. Hutt-Fletcher (Louisiana State University Health Sciences Center, Shreveport) and recognize the gH͞gL complex and gp42, respectively. A large-scale preparation of the E1D1 antibody was made at the Northwestern University Monoclonal Antibody Facility. L2 was purchased from Chemicon and is directed against gB. Murine-specific biotinylated anti-IgG conjugate was purchased from Sigma. The streptavidin-horseradish peroxidase conjugate and the Ig isotype-matched control IgG2a antibody were purchased from Amersham Pharmacia.
Transfection. CHO-K1, AGS, HeLa, Vero, and HEK-293-P cell lines were transfected by using Lipofectamine 2000 (GIBCO͞ BRL). CHO-K1 cells were seeded in 12-well plates 1 day before transfection, and samples were done in triplicate. HEK-293-P, AGS, HeLa, and Vero cells were plated in 10-cm 2 dishes 24 h before transfection. For Lipofectamine transfection, 70% confluent cells were placed in Opti-MEM (GIBCO͞BRL) and incubated with DNA in lipid micelles for 12 h. CHO-K1 cells were transfected with 0.16 g of pFgp350, pFgH, pFgL, pFgB, and gB mutants, 0.26 g of pT7ENCLuc and 0.6 g of pFgp42.
The amount of DNA per transfection sample was kept constant by the addition of empty vector DNA in experiments in which specific glycoproteins were subtracted. Cells in 10-cm 2 dishes were transfected with 10 g of pCAGT7. SCC68 cells were electroporated with 40 g of pCAGT7 by using a GenePulser (Bio-Rad). A total of 1 ϫ 10 7 cells were electroporated at 0.24 kV and with 960-F capacitance.
Fusion Assay. Effector CHO-K1 cells and the various target cell lines were transfected with plasmids encoding the glycoproteins as stated above. After 12 h, the effector cells and target cells were washed with PBS and detached by using Versene. After the cells were detached, the cells were counted with a Beckman Coulter Z1 particle counter and the two cell populations were mixed in equal amounts (0.2 ϫ 10 6 cells per sample) and plated into a 24-well plate. Twenty-four hours later, the cells were lysed, and luciferase was quantitated by using the Promega Reporter Assay system. Substrate and samples were read on a Perkin-Elmer Victor 2 multilabel counter. For the antibody inhibitory experiments, antibody was added when the two cell populations were mixed. As an alternative method to detect fusion, CHO-K1 cells were transfected with the plasmids encoding EBV glycoproteins, and HEK-293-P cells were transfected with EGFP-N1. Similar to the fusion assay above, after transfection for 12 h, the cells were mixed and incubated for 24 h. Cells were washed, fixed in 2% formaldehyde, and stained with 300 nM DAPI according to the manufacturer's protocol (Molecular Probes). The cells were visualized with a DMIRE2 inverted microscope (Leica, Deerfield, IL). Photos were taken with a capture controller (Hamamatsu, Middlesex, NJ) and OPENLAB 3.1.7 software.
Cell ELISA. CHO-K1 cells used for the fusion assay as described above were also used to detect surface expression of the glycoproteins. When the cells were mixed together for the fusion assay, 4 ϫ 10 4 CHO-K1 cells per well were plated into 96-well plates. After 24 h, the cells were washed and incubated with primary antibody directed against the glycoprotein or glycoprotein complex for half an hour. Subsequently, the cells were washed and fixed with 0.2% glutaraldehyde and 2% formaldehyde. The fixed cells were washed and the secondary biotinconjugated anti-mouse IgG antibody and tertiary streptavidinhorseradish peroxidase antibody were added sequentially. Finally, peroxidase substrate was added and the plate was read on a Perkin-Elmer Victor 2 multilabel counter.
Results gB, gH, and gL Mediate Efficient Fusion with Some Human Epithelial
Cell Lines. The purpose of this study was to investigate the requirements for EBV-induced cell fusion with epithelial cells and to examine whether differences exist between B cells and epithelial cells. For B cells, gp350 is not required for EBVinduced cell fusion, but gp42, gB, gH, and gL are necessary and sufficient (8) . gp350 is dispensable for entry given that a virus lacking gp350 still infects numerous lymphoid and epithelial cell lines (43) . To examine the requirements for epithelial cell fusion, CHO-K1 cells were transfected with different combinations of viral glycoproteins along with a plasmid containing the T7 promoter upstream of a luciferase reporter. These effector cells were then mixed with a variety of different target cells to assess the requirements for fusion for different cell types. The target cells were transfected with a plasmid encoding the T7 RNA polymerase so that, upon fusion of the two cell types, luciferase is expressed and can be measured to indicate the extent of fusion. As previously published (8), target Daudi B cells require the expression of gp42 with gB, gH, and gL in the effector cells for cell fusion to occur (Fig. 1) . In contrast, gB, gH, and gL alone were required to induce cell fusion with the HEK-293-P cell line [a derivative of HEK-293 cells selected for high transfection efficiency (PEAK cells, Edge Biosystems)]. gH͞gL or gB alone did not mediate fusion in any of the cell types tested. Expression of gp350 on the effector cell slightly increased fusion efficiency for both Daudi and HEK-293-P cells (data not shown). Expression of gp42 slightly inhibited fusion with HEK-293-P cells, although the decrease in luciferase activity was not significant (data not shown). Interestingly, fusion levels with HEK-293-P cells were increased in relation to Daudi B cells (Fig. 1) . This result suggests a role of cell contact in the enhancement of fusion because HEK-293-P cells in this assay are attached to the same surface as the CHO-K1 cells and are intrinsically in close contact whereas the Daudi cells grow in suspension and fusion is therefore dependent on contact and adhesion. Previous studies have indicated that infection of some epithelial cell lines occurs more efficiently by means of cell-cell contact (12, 13) .
We next asked whether the glycoproteins needed for fusion with HEK-293-P cells were similar with other epithelial cell lines. Because of the association of EBV with gastric carcinoma, the AGS cell line was tested. AGS is a human stomach adenocarcinoma cell line susceptible to EBV infection (44) . The human cervix epithelial adenocarcinoma cell line, HeLa, was chosen because of previous discrepancies regarding susceptibility of these cells to EBV infection (12, 45 ). An additional target, SCC68, a human oral carcinoma cell line, was tested because of the association of EBV with nasopharyngeal carcinoma (46) . AGS and SCC68 cells were efficient target cells when the effector CHO-K1 cells expressed gB, gH, and gL, similar to HEK-293-P cells (data not shown). Vero (African green monkey kidney cell line), HeLa and CHO-K1 cell lines were not functional targets for fusion ( Fig. 1 and data not shown) , which was not because of insufficient T7 RNA polymerase expression in target Vero, HeLa, or CHO-K1 cells, because cotransfection of an EGFP reporter plasmid and͞or the luciferase driven by the T7 promoter plasmid produced high levels of expression of luciferase or EGFP (data not shown). These results indicate that close cell-cell contact is not all that is required for epithelial cell infection, because fusion was not observed for Vero, HeLa, or CHO-K1 cells, despite the cells growing in the same monolayer as the CHO-K1 cells expressing the EBV glycoproteins. Effector cell fusion with target epithelial cells occurred in the absence of gp42, indicating as previously shown that gp42 and the interaction with class II is not essential for epithelial cell entry (15, 47) .
Overall, these data demonstrate that neither gp42 nor gp350 are necessary for epithelial fusion and that gB, gH, and gL are sufficient for fusion to HEK-293-P, AGS, and SCC68 cells.
The Cytoplasmic Tail of gB Has Different Functional Domains When Fusion to B Cells Is Compared with Fusion to Epithelial Cells.
Because their transfection efficiencies, HEK-293-P cells were used in the remaining experiments. Similar to other herpesvirus gB (29, 35, 38) , we have shown that the gB cytoplasmic tail domain is an important regulator of EBV-induced membrane fusion (8) . Previously, we created truncation mutants at three amino acids: 841 (gB-841); 816 (gB-816), which removed the ER retention sequence; and 801 (gB-801), which deleted the final 46 aa of gB, including the ER retention sequence. The gB-816 and gB-801 constructs are both expressed on the cell surface at higher levels than wild-type because of loss of the ER retention sequence (21) .
By using the minimal glycoprotein requirements for both B cell and epithelial cell fusion, the domains of the cytoplasmic tail were tested in the cell-cell fusion assay. Truncation mutants (gB-801, gB-816, and gB-841) were expressed with gH and gL for epithelial cells and with gp42, gH, and gL for B cells. The percentage of fusion was calculated for each of the mutants by setting the minimal requirements (B cells: gp42, gB, gH, and gL; epithelial cells: gB, gH, and gL) at 100%. This analysis also allowed for the comparison of multiple experiments as the relative luciferase activity differed between experiments because of transfection rates. The overall transfection frequency of each gB construct was similar between cells (data not shown). The gB-816 truncation mutant increased fusion for B cells and epithelial cells, suggesting that either the increase in cell-surface expression of gB is important or that there is a negative regulatory domain between amino acids 816-857. Fusion was greater to the HEK-293-P cells than Daudi cells with this mutant. Interestingly, expression of gB-801 resulted in reduced fusion levels with HEK-293-P cells, but no fusion for B cells (Fig. 2) . Both the gB-816 and gB-801 mutants were expressed more abundantly on the plasma membrane, suggesting that the levels of surface-expressed or -exposed gB may be important for fusion, particularly for epithelial cells, because the gB-801 mutant has a significant difference in fusion levels between the two cell types. Very low levels of fusion [somewhat lower than previously observed (8) ] were observed for the gB-841 mutant for both HEK-293-P and Daudi cells (Fig. 2) . 
Antibodies to gH͞gL Have No Effect on Fusion with the gB-801 Mutant
in Contrast to Wild-Type gB and the gB-816 Mutant. To further investigate the requirements for EBV-induced cell fusion, we took advantage of antibodies that have differential effects, depending on the cell type that EBV infects. The gp42 monoclonal antibody, F-2-1, inhibits B cell entry but not epithelial cell entry, whereas the gH͞gL monoclonal antibody E1D1 inhibits only epithelial cell entry (15, (47) (48) (49) . These monoclonal antibodies were added when the two cell populations were mixed. As expected, the addition of the gH͞gL antibody did not inhibit EBV-induced B cell fusion with wild-type gB or when any of the gB truncation mutants were expressed (Fig. 3A) . In the HEK-293-P cells, the gH͞gL antibody inhibited wild-type gB, gH, and gL fusion as well as the minimal fusion observed with the gB-841 mutant (Fig. 3A) . Interestingly, although there was a dramatic reduction of fusion in the gB-816 mutant by the addition of the gH͞gL antibody, the resulting level of fusion was similar to the level of fusion observed for the gB-801 mutant with or without the gH͞gL antibody, suggesting that the two gB mutants with higher cell-surface expression may mediate fusion independent of gH and gL. Finally, to confirm the absence of a role of gp42 in epithelial cell fusion, CHO-K1 cells were transfected with gp42, gB, gH, and gL and fusion was tested. As would be expected from earlier studies indicating an absence of a role of gp42 in epithelial fusion (14, 15) , the gp42 antibody had no effect on fusion with HEK-293-P cells. In contrast, as would also be expected from earlier studies (47) and the results presented in Fig. 3A , the gH͞gL antibody inhibited EBV-induced cell fusion with only wild-type gB (Fig. 3B) and not with the gB-801 mutant, which again supports of fusion being mediated by the gB-801 mutant independent of gH and gL.
gB Surface Expression Is a Determinant of gH-and gL-Independent Cell
Fusion. To further investigate the possibility that gB mutants may mediate fusion to epithelial cells independent of other EBV glycoproteins, we transfected the gB truncation mutants and gB mutants with point mutations in the ER-retention signal into CHO-K1 effector cells with and without gH and gL. Previous studies demonstrated that mutation of the two central arginine residues (RTTR and REER) or all of the arginine residues (KKKK) of the gB ER-retention signal results in an increase of expression of gB on the cell surface (39) . Mutation of a single arginine (RKRR) resulted in a protein with localization similar to wild-type gB (39) . After transfection, cell-surface expression of gB and fusion was measured (Fig. 4A) . For the gB-801 mutant, fusion was similar with or without the inclusion of gH and gL (Fig. 4A ). When gB was tested in the absence of gH and gL, fusion was only observed with the gB-816 and gB-801 mutants and mutants in the ER-retention signal with high levels of gB surface expression, which indicates that gB cell surface expression is a determinant of gH-and gL-independent cell fusion (Fig.  4A) . For all of the gB mutants with the exception of the gB-801 mutant, fusion was lower or undetectable in the absence of gH and gL (Fig. 4A) . We tested whether the increased expression of the gB mutants allowed fusion to HeLa cells previously shown to not mediate fusion, and none of the mutants mediated fusion to HeLa cells (data not shown). To confirm complete cell-cell fusion and not just the formation of a fusion pore, cell-cell fusion was also examined by means of microscopy. As shown in Fig. 4B with two of the gB mutants (gB-816 and RTTR), multinucleated cells were visible upon DAPI staining. Cells expressing gB, gH, and gL and the gB mutants with higher gB surface expression exhibited similar numbers of multinucleated cells. The gB-816-, gH-, and gL-transfected cells contained larger multinucleated cells, which is consistent with the luciferase data (data not shown).
Discussion
The fusion step of herpesvirus entry is not well understood but is critical for the infection of target cells with free virus and the transmission of virus from infected cells to uninfected cells by cell-cell contact. To directly examine fusion, we used a virusfree cell-cell fusion assay to study the requirements and ability of EBV glycoproteins to induce fusion. We determined that efficient fusion is induced with EBV gB, gH, and gL when CHO-K1 effector cells are cocultivated with the target cells HEK-293-P, AGS, and SCC68. We also found that a mutant form of gB was sufficient to induce fusion alone, indicating that gB may be the critical fusion protein of EBV. A mutant form of HHV-8 gB is also able to induce fusion independent of other viral glycoproteins (27) . With the HHV-8 gB mutant, fusion levels were at most 12% of the fusion levels observed when HHV-8 gB, gH, and gL were tested, which is lower than the amount of fusion we observed with our EBV gB mutant. Interestingly, higher fusion levels, Ϸ25% when compared with gB, gH, and gL fusion levels, were observed with HHV-8 gH and gL alone. These results are consistent with studies showing that Varicella-Zoster virus gH and gL alone, but not gB alone, form polykaryocytes in culture (40, 41) . Along with our studies, the Varicella-Zoster virus and HHV-8 studies highlight the complexity of herpesvirus-induced cell fusion and contrast the potential roles that each of these virally encoded proteins have acquired for fusion.
One significant finding of the current study is that specific regions of the EBV gB C terminus modulate fusion in the presence of gH and gL. Loss of the region between 841-857 greatly reduced fusion with B cells and epithelial cells. This result is somewhat surprising, because the two larger gB deletions (gB-816 and gB-801) gained function in fusion. The gB-816 mutant can mediate both B cell and epithelial fusion, whereas the gB-801 mutant only functions in epithelial fusion. The difference with the gB-801 mutant between the two cell types may be due to the mechanism EBV utilizes to induce fusion within these different cell types. Early reports on EBV entry showed EBV fuses by means of endocytosis with B cells and by direct cell fusion with epithelial cells (10) . Perhaps the region from 801-816 functions in endocytosis in B cell fusion, and, therefore, this region is not necessary for direct virion-cell fusion, suggesting that the differences between the fusion mechanisms are related to gB function. The gB-816 mutant, when expressed with gH and gL, showed enhanced fusion for both epithelial and B cells. The increased surface expression of gB-816 mutant is not responsible for the enhanced fusion observed, because point mutations in the ER-retention signal with similar levels of surface expression did not result in enhanced fusion.
Several functions for the EBV gB C-terminal tail in fusion can be entertained. The gB tail may regulate fusion by binding a cellular or viral protein. Interestingly, the results with the gB-801 mutant suggest this may be true, because inclusion of gH and gL does not enhance fusion with this mutant when compared with the other forms of gB examined. gH and gL may directly enhance fusion by altering the conformation of gB, positioning gB in a metastable form favorable for receptor binding or in promoting membrane interaction. This conformational change may be mediated by interactions of the gH͞gL complex with the gB tail. The gH͞gL complex may also enhance fusion by directly binding to a cellular receptor, although a specific cellular receptor for EBV gH or gL has not been identified. Currently, there is no data to suggest the binding of a cellular protein to the EBV gB tail. Future structural and biochemical studies will need to be performed to investigate these possibilities.
Another means that the EBV gB tail may modulate fusion is by regulating the oligomerization or conformation of gB. Recent results with HSV-2 gB C-terminal truncation mutants argue against this hypothesis, because all of the mutants that functioned in fusion showed similar oligomerization and conformation properties (29) . Interestingly, the largest gB truncation, which did not function in fusion, appeared to be conformationdefective, indicating that the HSV-2 gB tail may influence the HSV-2 gB conformation. More recent results with the cytoplasmic tail of the F fusion protein from the paramyxovirus simian virus 5 indicate that tail domains of viral fusion proteins can regulate the oligomerization, conformation, and subsequent fusion competence of viral fusion proteins (50) . Therefore, additional studies of the oligomerization and conformation of the EBV gB truncation mutants are clearly warranted to determine whether the EBV gB tail domain regulates the oligomerization or conformation of gB.
EBV gB may not only function in fusion but may also bind to a receptor on epithelial cells to trigger fusion. No cellular receptors for EBV gB have been identified, and this possibility has not been well studied. Previous studies have shown that the amount of gB in the virion differs between EBV strains with some strains, such as B95-8 having low levels when compared with other EBV glycoproteins (45, 51) . EBV gB is expressed primarily in the ER and nuclear membrane and not on the plasma membrane (51) (52) (53) . The ER and nuclear membrane expression appears to be critical for a previously identified role of gB in virion morphogenesis from the infected cell nucleus (21) . The amount of gB found in the virion is an important determinant of the infection of various cell types (45) and may be an important mechanism to regulate viral entry into different cell types. The low expression of gB in the virion may explain why epithelial cells in vitro and in vivo are less susceptible to infection if a cellular receptor for gB exists. Two independent reports showed that gH-negative virions retain a small amount of virus binding to the surface of gastric carcinoma cell lines (54, 55) . In both of these studies, the amount of gB present in the virion was not examined. Furthermore, because other herpesvirus gB interact with cellular receptors, such as the interaction of HHV-8 and human cytomegalovirus gB with integrins (56 -58) , the possibility of EBV gB having a receptor warrants further investigation.
Considering our findings, it is interesting to speculate that the possible progenitor virus of EBV was able to enter epithelial cells by using gB, gH, and gL. The acquisition or evolution of gp350͞220 and gp42 to bind CD21͞CR2 and HLA Class II, respectively, and to trigger fusion mediated by gB, gH, and gL would have allowed EBV to move from the portal of entry to the targeting of B cells to provide a cell type to establish a latent infection. Recently, another EBV glycoprotein, BMRF2, was reported to bind to integrins on polarized oropharyngeal cells and appears to be important for the infection of polarized oropharyngeal cells (59) . BMRF2 may be another protein acquired by the virus for infection of specific cell types. BMRF2 may explain the disparity between fusion not seen with HeLa cells in our fusion assay but infection of HeLa cells by viruses expressing abundant gB (59) . Further studies are needed to explore the role of other EBV glycoproteins in fusion and to determine whether there is a specific cellular receptor for gB. Additionally, future studies should result in a better understanding of the viral and host factors required for the infection and persistence of EBV in the human host.
